Messenger ribonucleic acid (RNA) from log and sporulation stages of growth were transcribed mainly from the heavy strand of the complementary strands of Bacillus subtilis deoxyribonucleic acid (DNA). During sporulation a slight transcription shift from heavy to light DNA strands was observed. RNA-DNA hybrid competition experiments revealed that this shift was due to sporulation-specific transcription from light-DNA strands.
During bacterial sporulation, a series of events occur resulting in many morphological and biochemical changes (13, 16, 21) . Therefore bacterial sporulation is a good model system for the study of cytodifferentiation at the unicellular level. Investigators have demonstrated that differential expression of the genome occurs during sporulation (1, 4, 5) and that a messenger ribonucleic acid (RNA) fraction is formed which is not present in vegetative cells. We investigated messenger RNA synthesis during bacterial sporulation to characterize the nature of gene transcription and to obtain more precise information about the specificity of transcription during bacterial morphogenesis.
The main approach we have taken is to test for hybrid formation between the separated complementary strands of Bacillus subtilis deoxyribonucleic acid (DNA) and messenger RNA from log-phase and sporulating cells. Methods to separate complementary DNA strands by CsCl density gradient centrifugation with synthetic polynucleotides (25) and methylated albumin kieselguhr (MAK) column chromatography (28, 29) have been reported. By use of separated complementary DNA strands, the asymmetric transcription of DNA strands has been demonstrated in bacteriophage X (33) , T7 (31) , T4 (10) , 080 (20) , SPPI (27) , mitochondria (2) and bacteria (11, 15, 17, 18, 24, 25, 32 6 .0)-ethylenediaminetetraacetic acid (2 mM)-sucrose (15%) buffer containing NaCN (10-M), fl-mercaptoethanol (60 mM) and Na2SO4 (10 mM). After the preparation of protoplasts, DNA was prepared essentially by the method of Marmur (23) . Molecular weight of the native DNA preparations was determined by the sedimentation velocity method (7) and found to be 1.8 x 107. Denaturation of DNA with alkali was performed by addition of one-tenth volume of I M NaOH to the DNA solution which was diluted to 40 ,ug/ml with 0.1 SSC (0.15 M NaCI containing 0.015 M sodium citrate). After 10 min at room temperature, the solution was neutralized to pH 6.8 by the addition of I M NaH2PO4 and then dialyzed against saline buffer (0.6 M NaCI in 0.05 M phosphate buffer, pH 6.8). Separation of complementary strands of DNA was accomplished by MAK column chromatography at 4 C using a linear gradient of NaCI (0.6 to 0.9 M; reference 28). The elution rate was 35 ml/hr, and 3-mi fractions were collected. Two To determine the binding of synthetic polynucleotides to the separated DNA strands, polycytidylate or polyguanylate (Miles Laboratories, Inc.) was added to solutions of each of the strands at room temperature, and the density of the DNA was determined as mentioned above.
Preparation of messenger 3H-RNA and unlabeled bulk RNA. Maximum growth of this strain in Y medium was reached at 6 hr and endospore formation occurred at 12 hr. Labeling of RNA with 3H-uridine was carried out with 100-ml cultures at two stages of growth. At log stage (1.5 hr), 2 mCi of 3H-uridine (uridine-5-3H, 28 .3 Ci/mmole) was added for 3 min and, at sporulation stage III (10 hr), 10 mCi was added for 10 min. The frozen labeled cells, washed previously with a glutamate (150 mg/ml)-MgCl2 (50 mM) solution containing NaCN (10-3 M), were ground with 100 ug of deoxyribonuclease I in the presence of 6 mg of macaloid and sodium dodecyl sulfate at a final concentration of 1%. The RNA fraction was extracted three times with phenol (8) and standard buffer (10 mM MgCl2, 60 mM KCI, 6 mM f-mercaptoethanol, 10 mM Tris-hydrochloride, pH 7.6). The RNA was precipitated from the extraction buffer by addition of two volumes of ethanol containing 2% potassium acetate. The precipitation procedure was repeated twice. The 3H-labeled RNA was suspended in and dialyzed against 0.1 x SSC containing potassium polyvinylsulfate (20 gg/ml).
The preparation of bulk RNA from unlabeled cells at log and sporulation stages followed the same procedure.
Hybridization experiments. The method of Gillespie and Spiegelman (9) was used for the hybridization of 3H-RNA with DNA. DNA immobilized on nitrocellulose membranes (B-6, coarse, 13 mm, Schleicher and Schuell Co.) was incubated for 21 hr at 68 C in vials containing 2 x SSC, 3H-RNA, and I mg of yeast RNA (soluble A grade, Calbiochem) in a total volume of 1.0 ml. The yeast RNA reduced nonspecific adsorption of 3H-RNA to the membrane. After incubation, each filter was washed with 100 ml of 2 x SSC and then incubated with 20 Mg of heat-treated pancreatic ribonuclease A (Worthington Biochemical Corp.) per ml for 60 min at room temperature. After treatment with ribonuclease, the filter was rinsed with 100 ml of 2 x SSC. The radioactivity was counted with a Packard scintillation counter.
The hybrid competition experiments were performed as above except for the addition of increasing amounts of unlabeled homologous or heterologous bulk RNA.
RESULTS
Separation and characterization of the complementary strands of DNA. Strand separation of alkali-denatured B. subtilis DNA was performed with a MAK column by using a linear salt gradient at 4 C (28). The two complementary strands (L and H strands) were purified by repeating the column fractionation twice on each of the components (Fig. 1) . The DNA fractions were tested for complementarity by When the densities of the L and H preparations were examined by use of a CsCl gradient, it was found that the average densities of the L and H strands were 1.716 and 1.719, respectively. A mixture of the two preparations gave an average density of 1.718 which was identical with the density of unfractionated heat-or alkali-denatured DNA. When the affinity of each of the preparations with synthetic polynucleotides was tested, it was found that only the H strand had an affinity with poly G; however, the L strand did not bind to poly C. These results indicate that the separation of unfractionated heat-denatured DNA into two density components in the presence of poly G was due to the binding of poly G by the H strand.
Transcription from the complementary DNA strands during the log and sporulation stages. Pulse-labeled RNA was obtained from log-phase vegetative cells and from stage 3 sporulating cells. To determine the capacity of both DNA strands to hybridize with messenger 3H-RNA from the log and sporulation stages, hybridization experiments were performed initially between unfractionated DNA and increasing levels of messenger 3H-RNA (Fig. 2) . Saturation of DNA by 3H-RNA was approached when the ratio of RNA to DNA was about 150:1 to 200:1. From these results it was decided to use s ration levels of labeled RNA for the exp ments. Ratios of labeled RNA to DNA of 17 and 190:1 were used for the log-phase RNA sporulation-phase RNA, respectively.
The results in Table I illustrate that the t scription of DNA occurred mainly from th( strand at both growth phases. However, a sA shift of transcription from the H to L str occurred during sporulation since the percenl of count hybridizing with the H strand decrez from 87.8 to 85.5%, and the count hybridi with the L strand increased from 12.2 to 14.5 Transcription shift from H to L DNA stl during sporulation. To analyze the apparent t scription shift from H to L strands during sp4 lation, a series of hybrid competition ex, ments was carried out between pulse-labeled unlabeled log-phase and sporulation RNA the L and H DNA strands (Fig. 3) . In Fig. 3A is shown the competition between log-phase 3H-RNA and unlabeled log-phase and sporulation RNA with H-DNA. The results in these experiments indicate that the log-phase RNA species Asso hybridizing with H-DNA are also present in the sporulation RNA preparations. The results in Fig.  3B show that all RNA transcribed from the L-DNA strands during the log phase are also tran05s scribed during sporulation. In Fig. 3C the results demonstrate that all the RNA species made from the H strand during sporulation are also made during the log phase. However, in Fig. 3D respectively. An RNA-to-DNA ratio was used which approached saturation (see Fig. 2 ). Activity of the blank has been subtracted; this is an average of four experiments. on the DNA strand were involved in directing the initiation of transcription on the H strand (14, 17, 32) .
The hybrid competition studies with messenger RNA from log-phase cells (Fig. 3A and 3B) The most significant point of the present results is that, although most of the transcription occurs on the H strand during both log phase and sporulation, differential transcription during sporulation occurs primarily on the L strands. The hybrid competition studies (Fig. 3D) with sporulation messenger RNA clearly indicate that approximately 2.5% (14.5% x 0.18) of the total pulse labeled messenger RNA is being transcribed specifically from the L strand. The messenger RNA made from H strands during sporulation is, however, very similar to or identical with the messenger RNA found in log-phase cells (Fig. 3C) . The difficulty of obtaining precise quantitative data from hybridization studies preclude any firm conclusions from data presented in Table 1 alone; however, the general agreement of these data with the results of Fig. 3D lead us to the conclusion that, at stage 3 of sporulation, differential transcription is occurring essentially from L strands. The results in the hybridization experiments are not complicated by the presence of labeled ribosomal and transfer RNA, since they comprise less than 0.5% (6) of the B. subtilis genome, the unlabeled RNA preparations used for competition experiments contain a great excess of these stable RNA fractions, and the stable RNA species are transcribed exclusively from H strands of B. subtilis (22, 24) .
Recent investigations with Escherichia coli (3) and B. subtilis (19, 26) suggest that regulation of transcription occurs by alteration of RNA polymerase activity. An alteration of promoter recognition specificity of the RNA polymerase may allow a whole set of genes controlled by specific promoters to be turned on or off. The differential transcription of L-DNA strands during sporulation suggests the intriguing possibility that promoter sites for sporulation genes on the L strands are recognized and turned on by such a mechanism. We are currently investigating this possibility with RNA polymerase from sporulating cells.
